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Abstract 
The paper considers the possibility of increasing the efficiency of flow hydrodynamic elastic waves generator being used to 
intensify chemical and physical processes. To increase the emission intensity at the edge tone frequency, it is suggested to use 
Helmholtz resonator. The possibility to control pressure differential created by a resonator as a result of the liquid flow velocity 
at the ring-spray nozzle of the flow generator is experimentally confirmed. For maintaining maximum amplitude values of the 
genevelocityd oscillations, the coalescence of the edge tone frequency with Helmholtz resonator frequency is necessary. With 
this purpose, extremal automatic control system is suggested. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Omsk State Technical University. 
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1. Introduction 
In order to increase the efficiency of chemical engineering equipment and the intensification of chemical and 
technological processes various methods based on the introduction of third-party sources of energy the process are 
used [1]. Among acoustic processing devices used in industry to influence the fluids, hydrodynamic sources of 
acoustic vibrations are considered the most effective [2]. The main advantage of these emitters is design and 
operation simplicity, the lack of high-voltage equipment, and their low cost. Acoustic oscillations occur due to the 
working fluid flow energy, which does not require the development of special energy-transfer systems. 
There are many different designs of hydrodynamic generators with a particular physical effect and used in 
petrochemical, food processing, pulp and paper, mining and other industries. 
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To increase the power of the generated signal, different resonance systems, such as Helmholtz resonator, are used 
[3]. The efficiency of these systems is related to the accuracy of matching the frequency of the hydrodynamic 
pulsations with the frequency of the resonant system. 
In view of the above, the opportunity to create an automatic control system that provides coincidence between 
hydrodynamic generator and Helmholtz resonator frequencies, due to the fluid flow change is up-to-date. 
2. Study subject 
Generator, creating periodic pressure differential in the throat of Helmholtz resonator, is a device with a ring slit 
(nozzle) through which the processed fluid, supplied by a pump, flows at high velocity onto a coaxial wedge (Fig.1). 
 
 
Fig.1. Hydrodynamic generator diagram: 
1 - ring slit (nozzle); 2 - wedge; 3 - Helmholtz resonator throat; 4 - Helmholtz resonator; 5 – fluid outflow openings. 
Unsteady primary turbulence in the submerged flow occurring during the leakage to the wedge create waves that, 
upon reaching the mouth of the flow, under certain phase ratios, define stable self-oscillations with the edge tone 
frequency [4]. To enhance the self-oscillations, it is suggested to use a Helmholtz resonator, because some designs 
of hydrodynamic generators on a similar basis are known. 
3. Methods 
To determine the frequency of the edge tone of the system “nozzle mouth - unsteady working fluid flow – 
wedge”, empirical dependence [5], which gives a good agreement with the experimental results, was used: 
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  (1) 
where i = 1, 2, 3 ..., 
V is average cross-section speed of the flow at the nozzle outlet, 
k = 0.765 – 0.770 is empirical constant, 
lk is distance from the mouth of the flow to the wedge. 
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Expression (1) implies that there is a number of frequencies (eigenmodes), which amplitudes depend on flow 
velocity and the distance from the mouth of the flow to the wedge. 
To assess the effectiveness of the generator, it was necessary to previously assess the dependence of the pressure 
differential at the edge tone frequency of the flow velocity. The pressure differential ∆Р at distance x from the 
wedge edge was defined by the following expression: 
  2
0
2 5 cos
,
2
V S f
P
C x
U Ty     ' #  
  (2) 
where 0
C
 is sound speed; T  is angle between the normal to the flow plane and the direction to the observation 
point, U is medium density; S  is flow cross section area. 
For the parameters T  = 0, annular jet radius r = 3 cm, thickness of the annular jet G = 0.5 mm,  f =1 kHz, 
difference of the differential pressure 
P'
 on the flow velocity V at different distances from the edge of the wedge 
was constructed (Fig. 2). 
 
 
 
Fig. 2. Dependence of the differential pressure | ΔP | on the flow velocity V at various distances x from the edge of the wedge. 
  
The relatively small value of the edge tone differential pressure can be significantly increased in the given 
hydrodynamic generator when the frequency of the edge tone coincides with the frequency of the Helmholtz 
resonator. 
Helmholtz resonator is a vibrating system, which, at a certain parameters ratio 
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 , 
can at first approximation, be considered as a system with lumped parameters, where O is wave length, rl  is the 
length of the of the generator throat, L  is the resonator length. 
The relationship between the natural frequency of the Helmholtz resonator and the geometric parameters can be 
determined, for example, by the expression [6]: 
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where 0
S
  is sectional area of the resonator throat; 
HV  is volume of the resonator cavity; 
00,8ef rl l S   is effective length of the resonator throat. 
 
 
Fig. 3. Dependence of Helmholtz resonator frequency Hf  on resonator length L. 
 
If we assume that the resonator has a cylindrical shape, the expression (3) takes the following form: 
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where D  is resonator diameter; efd  is effective diameter of the resonator throat. 
 It is easily seen that the selection of geometric parameters allows to vary H
f
 in a rather wide range. Thus, 
when 
210efl
 
м m and different ratios
efd
D , dependence of the Helmholtz resonator frequency Hf  on length L 
has the form given in Fig. 3. Amplification factor N of such resonator is equal to the ratio of oscillating pressure in 
the resonator cavity to the inlet oscillating pressure, i.e. 
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where r  is drag coefficient, consisting of viscous friction loss and radiation loss; 0 ef
m S lU  
 is mass of the 
fluid in the resonator throat; 
Z  is frequency of external influence.
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Given the obtained relations, for the amplification factor we get: 
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  (6) 
When the frequency of the external sound field is equal to the resonance frequency, amplification factor is equal 
to the value,      Q , i.е.  N Q . 
In this device, the sound radiation occurs from four openings in the resonator body, and if not considering the 
influence of viscous friction, the losses resulted from radiation can be found by the expression: 
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where  1S  is the total area of the emitting outlets. 
 
In this case, amplification factor of the Helmholtz resonator is determined by the following expression:  
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Assuming that the emitting opening has a diameter d1 = 0.01 m, and the ratio 
0,3ef
d
D
 
, then at     H
f
= 1 kHz 
the value of the amplification factor gain N = 187. 
During hydraulic generator operation it can be expected that, due to instability of the pumping unit, the change 
of the supplied working fluid characteristics (pressure, density, temperature, gas factor etc.), initial setting of the 
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wedge tone frequency coincidence with Helmholtz resonator frequency will be mistuned. 
As a result, there is a need to analyze the possibility of developing automated extremal control system of 
resonating to the maximum differential pressure amplitude Р'  at frequencies near the resonant frequency Hf  by 
flow control p
Q
 of injection pump. To improve the noise immunity of a control system, is advisable to choose a 
discrete extremal controller of a step type [7]. 
In an extremal controller values of parameter Р'  are measured discretely at intervals t'  ; then,  by comparing 
values Р'  at the beginning and at the end of each step controlling action «u » is changed (assuming there is no 
controller dead zone) according to the following algorithm:  
1 1,n n nu u u   ' )
  (9) 
where 
 1 sign  signn n nP)  ' )  is switching function at n + 1-th sample time; nu , 1nu   is value of controlling 
action at the n-th and n+1-th sample time; u'  is value of the controlling action at every sample time; nP'  is 
criterion increment at the n-th time.  
It is known [7], that for ensuring extreme control system stability with there is time delay, quantization step t'  
should be chosen according to the security condition 2t W' ! , where  W  is the time delay of the control signal 
transmission. 
Mathematical modeling of extreme control systems is carried out in «Matlab» application package environment 
with the extension «Simulink». The diagram of the extremale control system set is presented in Fig. 4. 
 
 
 
Fig. 4. Diagram of the extremal control system set: 
1 - block of linear interpolation of the input signal according to Table 1; 2 - sampling unit; 3 - delay unit; 4 - comparing unit; 5 - block 
implementing signx function; 6 – model of a flow control valve drive. 
 
Table 1. Table function, intepolating the input signal. 
 
uin 0 1 2 3 4 5 6 7 8 9 10 
uout 0.3 1 2.7 4 4.6 5 4.6 4 2.7 1 0.3 
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The result of computational solution according to Fig.. 4 for parameters W  = 0.01 s; t'  = 1 s;  1K = 10; 2K =2; 
РK  = 10 and tables for block 1 are given in Fig. 5. 
 
 
Fig. 5. The result of the computational solution. 
4. Results and discussion 
The modeling results have shown that in extremal control system, after 10-second transient process oscillations 
occur near the point of extremum with 10 % relative amplitude and 2 sec. period. 
The given research shows the possibility of developing hydrodynamic flow generator with extremal control 
system for pressure pulsations amplitude in the sound frequency band under resonant frequency of Helmholtz 
resonator. 
As a result of the given research, the analytic expressions, providing the estimation of the Helmholtz resonator 
use for signal amplification, are obtained. Amplification is possible because of the regulating liquid flow velocity at 
the ring-spray nozzle of the flow generator. It is proposed to use extremal automatic control system for such 
regulation. 
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